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are synthesized by a simple electrospinning technique and are directly used as anode material for LICs with
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the conversion reaction of Sn® to SnO,. Also, the limited potential window allows only the reversible alloy/de-
alloying process. Finally, the assembled LIC, AC/(Li,Sn + Li2O), displayed a maximum energy density of 185.88
Wh kg™! with ultra-long cyclic durability of over 20,000 cycles. Further, the LIC is also exposed to various
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1. Introduction

With the rise in population, the demand for energy around the world
is increasing aggressively. So, energy storage has become inevitable to
meet the need of the growing population and the future generation.
Hence, we have different energy storage methods such as mechanical,
electrical, thermal, etc.; among them, electrochemical energy storage
(mainly Batteries and Supercapacitors (Li, Na & K) [1-4] is one of the
promising ones. Lithium-ion batteries (LIBs) are one of the most
explored electrochemical energy storage devices as they have a high
energy density, low self-discharge, environmental benignity, etc.
[5-10]. However, it lacks the power density required for high-end ap-
plications such as electric and hybrid vehicles. On the other hand,
supercapacitors are devices with high power density but lack energy
density [11]. So, a goal arises for achieving a device with energy and
power density to bridge the gap between LIBs and supercapacitors.
Hence, an advanced form of the energy storage device, Lithium-ion
capacitors (LICs), is proposed, which simultaneously have energy and
power density in a single device. The LIC consists of a battery-type
(faradaic process) electrode (especially anode) hybridized with the
capacitive type (non-faradaic process) cathode. The new LIC is antici-
pated to deliver a higher energy density than the supercapacitors and a
higher power density than LIBs. Furthermore, the LIC is as safe as an
electrical double-layer capacitor (EDLC) as it will not cause thermal
runaway compared with LIBs. Hence, LICs have a wide variety of ap-
plications, including spacecraft, power electronics, grid connections,
railways, regenerative braking systems, etc. [12-15].

The overall power capability, energy density, and reaction rates of
LIC depend upon the performance of the battery-type electrode. So,
researchers are more focused on the development of the anodic part of
the LICs, irrespective of Li-storage mechanisms [16-18]. Early re-
searchers mostly attempted the utilization of various insertion-type
anodes [19,20], but their energy density is inadequate for high-end
applications. Nevertheless, graphitic carbon and LisTisO;5-based LICs
reached the commercial market, in which the former configuration re-
quires an additional pre-lithiation step besides mass-balancing. Still, the
capacity of the graphite is limited to 372 mAh g~!. Hence, present-day
research is transitioning from insertion-type to alloying/conversion
mechanism with a reversible capacity of > 500 mAh g~! [21-28] for
high-energy applications. In other words, moving from a single electron
to a multi-electron reaction. Few reports are available on the utilization
of conversion and alloying type anode for the fabrication of LICs, which
we have summarized in our review [21]. Among the different alloying
materials, SnOs is one of the promising candidates with high theoretical
capacity (~782 mAh g~1), low operating potential (less than 0.3 V vs.
Li), high abundance, etc. However, the SnO; suffers from high volume
variation (>200%) during cycling, resulting in pulverization of elec-
trodes followed by capacity fading [7,29-32]. Various efforts are re-
ported to mitigate these issues through morphological modification and
synthesizing nanoparticles at various dimensions [33-38]. In the present
work, we have synthesized pearl-string-like SnO5 nanofibers through the
electrospinning technique and used them as anodes for LIC. Prior to the
fabrication of LIC, the mass-loading between the electrodes is adjusted
based on the half-cell performance. Also, the battery-type electrode,
SnOy, is electrochemically pre-lithiated (LiySn + Li»O). In both half-cell
and full-cell assemblies, the electrospun SnOs fibers enhanced electro-
chemical activity. The feasibility of using such configurations in various
environmental conditions is explored and discussed in detail.

2. Experimental section
2.1. Synthesis of SnO2 nanofibers
One-dimensional electrospun SnO3 nanofibers were synthesized by a

simple electrospinning technique. In the typical procedure, 3 g of tin(Il)
chloride (SnCly) was added to 20 ml of dimethylformamide (DMF) and
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stirred for 1 h. Similarly, 4 g of polyvinylpyrrolidone (PVP, MW:
1,30,000) was added to 20 ml of ethanol and mixed for 1 h. Both solu-
tions were finally mixed and stirred to obtain a homogenous solution.
Finally, the mixed solution was loaded into a plastic syringe with an
internal diameter of a pinhead of around 0.859 mm. Later, the pinhead
was connected to a high-voltage supply that could generate a direct
current voltage of up to 30 kV (ELECTROSPUNRA). The aluminium foil
was used as the static collector. The distance between the needle and
static collector was maintained at 16 cm with an applied ac voltage of
25 kV and a flow rate of 0.4 ml h™!. The humidity level of the synthesis
electrospinning chamber was maintained at about 35% for the whole
experimental process. Finally, the synthesized fibers were collected and
immediately preheated at 120 °C. The fibers were then further sintered
at 600 °C, with a heating rate of 5 °C min~! to 4 h under an air atmo-
sphere to yield pearl-string-like SnO5 nanofibers.

2.2. Material characterization

The purity and phase identification of the synthesized SnO3 nano-
fiber was analyzed using powder X-ray diffraction (XRD) measurement
(Rigaku D/teX Ultra 250 diffractometer; 40 kV, 200 mA, A = 1.5406 A
with Cu Ka radiation). Raman spectroscopy analysis was performed
using Lab Ram HR800 UV Raman microscope (Horiba Jobin-Yvon,
France). The surface morphology and internal structure of the SnO,
nanofibers were examined by a Field-emission scanning electron mi-
croscope (FE-SEM S-4700, Hitachi, Japan) and a High-resolution
transmission electron microscope (HR-TEM, TECNAI, Philips, the
Netherlands, 200 keV), respectively. Elemental composition and the
surface electronic states of the nanofiber were investigated using X-ray
photoelectron spectroscopy (XPS, Multilab 2000, UK; monochromatic Al
Ko radiation hv = 1486.6 eV), High angle annular dark-field imaging
(HAADF) detector and Energy-dispersive X-ray spectroscopy (EDS).

2.3. Electrochemical performance analysis

The SnO; nanofiber was tested as the negative electrode in the half-
cell configuration with Li-metal foil as the counter/reference electrode.
A simple hand-made technique was used to fabricate the electrodes. The
SnO, nanofiber, conductive carbon (acetylene black), and binder
(teflonized acetylene black — TAB-2) were mixed in the ratio of 2:2:1.5in
a mortar pestle using ethanol as the solvent. Initially, the SnO, nanofiber
was weighed to the mortar pestle, and the conductive carbon was added.
It was mixed thoroughly to have a uniform distribution of the acetylene
black over the nanofiber. And then, the binder was weighed to it, fol-
lowed by adding drops of ethanol solvent. This was mixed entirely, and a
uniform circular thin layer of the free-standing electrode was made from
it. The obtained thin layer of electrode material was punched over a 14
mm stainless-steel mesh current collector (Goodfellow, UK). Concur-
rently the activated carbon (AC, YP 80F Kuraray, Japan; Surface area:
2100 m? g™, Pore volume: 0.97 ml g~ ) electrode was also fabricated by
the aforesaid hand-made method by mixing the AC, conductive carbon,
and binder in 8:1:1 ratio in the mortar pestle using the same ethanol
solvent. The thin AC electrode layer was punched over a 14 mm
stainless-steel mesh. Both these electrodes are dried in the vacuum oven
at 75 °C for more than 4 h before the cell fabrication.

The Li/SnO; and Li/AC half-cells were fabricated using 2016-type
coin-cells inside an Argon-filled glove box (MBraun, Germany) with
O, and HO0 levels less than 0.1 ppm. The Li/SnO; half-cell was fabri-
cated so that the SnO, electrode was initially placed over the cathode
cap, and then the Whatman paper (1825-047, GF/F) separator was kept
covering it. It was wetted by the electrolyte (1 M LiPFg dissolved in
ethylene carbonate (EC) and dimethyl carbonate (DMC) in a 1:1 ratio,
Tomiyama, Japan). The Li-metal foil was placed over the separator, and
finally, it was crimped after closing it with an anode cap. Similarly, the
Li/AC half-cell was also fabricated, and both were kept for electro-
chemical testing after a 6 h rest period. The Li/SnOy and Li/AC cells
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were kept for galvanostatic charge-discharge in the potential range of
0.005 to 1 V vs. Li and 1.5 to 4.5 V vs. Li, respectively. Also, cyclic
voltammetry studies were performed for the Li/SnO, half-cell at a scan
rate of 0.1 mV s~ .

The AC/(Li,Sn + LizO)-based LIC was fabricated by combining the
pre-lithiated SnO5 electrode with the AC electrode under balanced
loading conditions. In a typical electrochemical pre-lithiation process,
Li/SnO5 half-cell was kept for two complete charge-discharge cycles.
After the third discharge, the cell was de-crimped inside the glove box,
and the pre-lithiated SnO5 electrode was separated. This electrode was
then paired with the mass-balanced AC electrode to form LIC, AC/(Li,Sn
+ Lip0). After 8 h of the rest period, the LIC was subjected to GCD
analysis from a 1.2 to 4.2 V potential window using a Biologic BCS 805
(France) battery tester. An in-situ impedance spectroscopy analysis was
performed to examine the interfacial properties, and the performance of
LIC in different climatic conditions was also analyzed using an envi-
ronmental chamber (Espec, Japan).

3. Results and discussion

The crystalline structure and phase purity of SnOy nanofibers is
examined using the powder X-ray diffraction (XRD) measurements
(Fig. 1 (@)). The diffraction peaks correspond to the Cassiterite phase
with lattice parameters a = b = 4.737 A and c = 3.185 A and 136: P42/
mnm space group (DB Card Number: 04-003-0649, JCPDS number:
41-1445). The comparison of XRD with the standard data and with post-
long-term cycling is given in figure S1. The crystallite size of SnOy
nanofiber is calculated using Scherrer’s equation (D = 0.9)\/f cos 0) and
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found to be 18.42 nm. The surface of the SnO, is studied from the ni-
trogen sorption studies (figure S2). It has a BET surface area and pore
volume of 41.495 m? g~! and 0.110 cc g7, respectively. The pore
diameter is observed to be around ~ 6.08 nm which is clearly in the
mesoporous region. Fig. 1 (b-c) shows the field emission-scanning
electron microscopic (FE-SEM) images of as-spun fibers, which show a
very smooth surface morphology with a fiber diameter of 100 to 200 nm.
After the calcination process at 600 °C shows the presence of inter-
connected particulate morphology with long-chain. The appearance of
such particulate morphology is similar to the pearl strings. The transi-
tion from smooth to particulate morphology is mainly due to the
decomposition of the polymer backbone. The pearl-string-like
morphology is evident from the FESEM pictures with different magni-
fications (Fig. 1(d-f)). Further analysis of the morphology, size, and in-
ternal structure of the SnO, nanofiber was performed using a high-
resolution transmission electron microscope (HR-TEM), and the results
are given in Fig. 1(g, h). The TEM images can further confirm the pearl-
string structure observed from the spherical-shaped pearls connected by
a long string (Fig. 1(d)). It is obvious to note that every spherical-shaped
particulate is found to be single-crystalline in nature. The d spacing of
lattice fringes was calculated and found to be 2.63 A. The concentric
bright spots on the selected area electron diffraction (SAED) further
confirm the crystalline nature of the SnO, nanofibers (Fig. 1(i)).

X-ray photoelectron spectroscopy (XPS) analysis was performed in
order to examine the surface chemical compositions and the redox states
of SnO3 nanofiber (Fig. 2(a, b)). The deconvoluted Sn 3d spectra (Fig. 2
(a)) show peaks at 486.8 and 495.25 eV corresponding to Sn 3ds/2 and
Sn 3ds/s, respectively, which infer the existence of Sn in the 4 + state

Fig. 1. Physical characterization of SnO, nanofiber: (a) Powder-XRD pattern, (b-c) FE-SEM images of as-spun SnO, fibers at different magnifications, (d-f) FESEM
images of calcined SnO, fibers at different magnifications, (g, h) HR-TEM images, and (i) SAED pattern.
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Fig. 2. (a, b) Deconvoluted XPS spectra of SnO» nanofibers, (c) HAADF-STEM image, and (d-f) EDS mappings of SnO, nanofiber.

[39]. Moreover, the ~ 8 eV binding energy difference between Sn 3ds /5
and Sn 3d3/» corresponds to the binding energy of Sn’s 3d electron,
which also agrees with the standard database [33,40]. The O 1s spec-
trum (Fig. 2(b)) is deconvoluted into three asymmetric peaks observed
at 529.8, 531.05, and 532.6 eV [40]. The STEM image and EDS mapping
are given in Fig. 2(c) and Fig. 2(d-f), respectively. The elemental dis-
tribution displayed in the EDS mapping images illustrates the existence
and homogeneous distribution of Sn and O.

3.1. Electrochemical performance

Cyclic voltammetry (CV) analysis was carried out for the SnO,
nanofiber from the potential range of 0.005 to 1 V vs. Li at 0.1 mV s
scan rate. The CV profiles are given in Fig. 3(a) (first 10 cycles) and have
three cathodic peaks and an anodic peak observed in the first cycle. The
cathodic peak observed at ~ 0.77 and ~ 0.63 V vs. Li corresponds to the
reduction of SnO5 to Sn and Li2O and solid electrolyte interphase (SEI)
layers formation. The other cathodic peak at ~ 0.12 V vs. Li indicates the
alloy formation of Sn with the Li-ions (Li,Sn) [30,36,41]. The anodic
peak observed at ~ 0.56 V vs. Li is associated with the formation of
metallic Sn (Sn°) from the Li,Sn alloy (figure S1). From the second cycle
onwards, the cathodic peaks at ~ 0.77 and ~ 0.63 V vs. Li in the first
cycle are absent, which is common for Sn-based anodes and indicates the
stable performance of the SnO, anode within the restricted potential
operation. The galvanostatic charge-discharge (GCD) analysis was
performed for the SnO; nanofiber from 0.005 to 1 V vs. Li at a current
density of 80 mA g}, as shown in Fig. 3(b). The Li/SnO, half-cell
delivered an initial discharge capacity of 2251 mAh g~! with a
coulombic efficiency of 31.19%. The initial coulombic efficiency is less
due to the degradation of the electrolyte and subsequent formation of
the SEI layer, which also causes an irreversible consumption of the Li-
ions. As a result, a huge irreversibility capacity is observed in the first
cycle. The GCD was performed for over 50 cycles with ~ 74% retention
and is given in Fig. 3(c). Moreover, the Li/SnO; cell is also subjected to
charge-discharge at different current rates from 0.05 to 1.5 A g ™! (Fig. 3
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(d, e)). The half-cell exhibited a better rate performance at different
current rates. As the current rate increases, we see a specific capacity
decrease. However, over > 93% of the initial capacity is regained when
the current rate is again decreased, which shows the reversibility and
stability of the SnOy nanofibers.

It is well-known inferior SEI formation is one of the prime issues of
both conversion and alloy anodes. The robust and stable SEI formation
certainly leads to enhanced electrochemical performance. In this line, in
order to probe such stable electrochemical performance, we have per-
formed the in-situ-electrochemical impedance spectroscopy (in-situ-EIS)
and illustrated in Fig. 4. The in-situ-EIS analysis was recorded for the 1%,
5%t 10™, 50, and 100™ cycles (figure S3). It is observed that after the
initial discharge, there is an increase in the transfer resistance (Rcr),
primarily due to the irreversible capacity loss due to the SEI layer for-
mation. However, after the first discharge, the Rcr became constant and
persisted till the end of the 100th cycle, which accounts for the robust
SEI layer formation in Li/SnOs, which is the primary reason for the
excellent electrochemical activity of SnO5 in half-cell assembly. This
performance logically led us to the exploration of a battery-type elec-
trode in full-cell assembly with an AC electrode. The Nyquist plot and
the electrical equivalent circuit are also given in the supplementary part
(figure S4), which shows that the R¢r value before and after cycling is
around 121 and 229.4 Q, respectively.

The Li/AC half-cell is fabricated and tested in the potential window
of 1.5 to 4.5 V vs. Li. The charge is stored in Li/AC half-cell by a simple
capacitive type adsorption/desorption mechanism, i.e., physisorption.
During charging/discharging, the Li* and PFg ions are adsorbed/des-
orbed; hence, energy storage/energy delivery happens. The Li/AC has
an initial discharge capacity of 152 mAh g~! and maintains ~ 142 mAh
g1 as a specific capacity even after 200 cycles (figure S5). Generally, the
LIC consists of a battery-type anode and a capacitor-type cathode hy-
bridized together. In the anode, the faradaic reaction occurs (here,
alloying reaction); in the cathode, simple non-faradaic adsorption/
desorption occurs. Since both electrodes have different energy storage
mechanisms, there is a kinetic imbalance between the two. Hence, mass
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Fig. 3. Electrochemical performance of Li/SnO, half-cells (a) Cyclic voltammogram recorded at a scan rate of 0.1 mV s, (b) charge-discharge profile (first two
cycles) at a current density of 0.08 A g2, (c) galvanostatic charge—discharge profile with coloumbic efficiency, (d) charge-discharge profile at different current rates

(0.05t0 1.5 A g’l), and (e) rate capability studies.

balancing is desperately required between the two electrodes to realize
high energy density. The mass is balanced based on the half-cell per-
formance of both electrodes (vs. Li) by using the following equation,

MIC] = MZCZ

Where M; is the mass of SnOg, C; is the specific capacity of SnO3, My
is the mass of AC, and Cs is the specific capacity of AC.

The AC/SnO; LIC is fabricated such that, initially, the battery-type
electrode SnO; is pre-lithiated (Li,Sn + Li;0), followed by pairing it
with the AC electrode. In a typical process, the Li/SnOy half-cell is
fabricated and kept for GCD for a couple of cycles. After two cycles, the
cell is discharged to yield the Li,Sn + Li2O phase. The pre-lithiated SnO,
half-cell is dismantled and paired with the mass-balanced AC electrode.
The electrochemical performance of AC/(Li,Sn + LizO) full-cell assem-
bly at different temperatures is given in Fig. 5. Fig. 5(a-e) depicts the E¢)
vs. time graph of LIC at different current rates and temperatures ranging
from -10 to 50 °C. In a typical charge-discharge process, the alloying/
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de-alloying reaction with Li happens via the fardaic process, whereas
to maintain the charge- neutrality in the cell, the non-faradaic process
occurs on the counter electrode. Unlike cations only involved in the
faradaic process, both anions (PFg) and cations (Lit) involve in the non-
faradaic process due to the wider operating potential of the cell [42].
Apparently, in all the cases, an increase in the current rate tends to
decrease the charge-storage time, which is quite common for all types of
a cell due to the insufficient time for the faradaic process or surface only
involved in the reaction instead of bulk. Here, the applied current
density, energy density, and power density values are calculated based
on the total active mass loading in both the anode and cathode.

The Ragone plot given in Fig. 5(f) compares the energy density and
power density of LIC at different current rates and temperatures. The
plot shows that the LIC exhibits its best performance at room tempera-
ture. The AC/SnO3 LIC, with anodic and cathodic mass 1 and 4.8 mg,
respectively, delivers a maximum energy density of 185.88 Wh kg~ and
power density of 7.7 kW kg ™! at room temperature. The observed values
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different potentials.

are consistent with the reported values on the conversion and alloy-
anode-based LICs [43-45]. We have also investigated the possibility of
the AC/SnO, LIC under different environmental conditions. The rate
performance is examined at different temperatures (-10, 0, 10, 25 &
50 °C) and obtained that, in addition to the room temperature, the LIC
exhibits better performance at higher temperatures as well. This clearly
indicates the possibility of using various environmental conditions.
Interestingly, a very decent energy density of 143.31 Wh kg™ ! is regis-
tered at 50 °C. As expected, a notable decline in the Li-storage perfor-
mance is observed at low-temperature conditions (-10, 0, & 10 °C),
which is mainly associated with the freezing of the liquid electrolyte.
The GCD cycling studies were also performed for AC/(Li,Sn + Liz0)-
based LIC at different temperatures, and the capacity is normalized to
100% for easier comparison, as shown in Fig. 5(g). Though the LIC
rendered slightly inferior performance at sub-zero temperature condi-
tions (-10 °C), but displayed an excellent cycling profile at high tem-
peratures (50 °C) primarily due to the increase in ionic conductivity
when temperature increases [42]. Generally, at high temperatures
(50 °C), the electrochemical activity of the liquid electrolyte-based LIC
exhibit very worse performance originating from the inevitable side
reaction with the electrode. But, in this case, due to the robust and stable
SEI layer (validated through in-situ impedance) certainly escalates such
side reactions and translates to better durability. Apparently,
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irrespective of the temperature conditions, the cell showed a remarkable
performance, and we strongly believe that the stable interphase, i.e., the
robust SEI layer is the prime reason for such performance. We could also
observe a dominating performance of our LIC when compared with the
previously reported works with the alloy-type anode (Table S1). In
addition, the long-term cycling was performed at a current density of 1.5
A g*1 (Fig. 5(h)) and displayed remarkable capacity retention of ~ 78 %
even after 20,000 cycles which is close to the practical limitation of 80%
retention. Overall, the LIC exhibited better performance, and further
studies are in progress to improve the energy density at higher power
rates. And, to understand the unique and robust SEI formed at the
interphase is also underway.

4. Conclusion

We have successfully fabricated a LIC by utilizing pearl-string-like
SnO, nanofibers as anode and commercial AC as the positive elec-
trode. The SnO5 nanofibers were synthesized from SnCl, precursors by a
simple electrospinning technique. The nano-string structure enhanced
the electrochemical properties, achieving better cyclic performance. The
morphological modification of the SnO, contributed to the sturdy SEI
layer, which in turn alleviated the pulverization of electrodes during
cycling. The interfacial properties were initially analyzed using an in-
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Fig. 5. Electrochemical performance of fabricated AC/(Li,Sn + Li»O)-based LIC: (a-e) galvanostatic charge—discharge at different temperatures (-10, 0, 10, 25, and

50 °C), (f) Ragone plot comparing energy density and power density at different

temperatures, (g) long-term cyclic performance at different temperatures at a current

density of 0.75 A g1, and (h) long-term cycling stability at room temperature at a current density of 1.5 A g~ .

situ-impedance study, and it confirms the robustness of the SEI formed
over the alloy-type SnOs. The AC/(Li,Sn + LisO)-based LIC delivered a
maximum energy density of 185.88 Wh kg™! at ambient temperature
conditions. The pearl-string-like structure of SnO; primarily contributed
AC/(LixSn + Li»0) LIC to have remarkable capacity retention of ~ 78%
even after 20,000 cycles. The performance of LIC in different environ-
mental conditions was also evaluated with excellent durability, irre-
spective of the temperature conditions for 1000 cycles. Overall, the
results obtained from our studies are momentous, and hence, the SnO5
nanofibers have a promising potential to be employed in commercial
cells.
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